The hypotheses that (1) different seagrass morphologies may facilitate different nutrient uptake rates under similar hydrodynamic forcing and (2) this effect on nutrient uptake rates is spatially explicit, with the highest uptake rates at edges of patches, where currents and turbulence are highest, were examined under unidirectional flow conditions. Homogeneous patches (2 m long) of two seagrass species (Cymodocea nodosa and Zostera noltii) with contrasting shoot size and density were placed in a race track flume. 15 NH z 4 uptake and hydrodynamic properties along a gradient from outside to inside the patch were measured at a range of current velocities (0.05 to 0.3 m s 21 ). For each velocity we also determined the height and bending of the canopy. Water velocity affected the ammonium uptake rate of both species. The almost double uptake rates of C. nodosa shoots, compared to those of Z. noltii, were mainly attributed to a twofold difference in the within-canopy water flow (Q c , m 3 s 21 ). Spatial patterns in canopy water flow were highly correlated with spatial patterns in NH z 4 uptake, thereby explaining the 20% higher uptake rates at the leading edge of both canopies. The correlation between spatial patterns in canopy water flow and ammonium uptake rates underlines the role of canopy and patch configuration in determining the functioning of seagrass landscapes and their associated ecosystem services, such as nitrogen assimilation.
Seagrasses inhabit intertidal and subtidal areas throughout the world (Larkum et al. 2006) , where they experience variable hydrodynamic forces that interact with their canopies (Koch et al. 2006) . In general, velocities decrease within a seagrass canopy, whereas turbulence tends to increase within or at the top of the canopy, compared to turbulence in nonvegetated areas (Gambi et al. 1990; Ackerman and Okubo 1993; Koch and Gust 1999) . Smallscale horizontal differences in hydrodynamics within seagrass canopies are also commonly observed, with canopy water flow generally decreasing downstream from the leading edge (Fonseca and Koehl 2006) . These hydrodynamic interactions are often influenced by canopy deflection (Abdelrhman 2007) , which depends upon characteristics such as shoot density (Gambi et al. 1990; Peterson et al. 2004; Bouma et al. 2005) , shoot stiffness , the occupied volume (Fonseca et al. 1982; Koch 2001) , and patchiness (Folkard 2005) .
Hydrodynamic conditions can affect the growth and morphometry of seagrass plants, either directly or indirectly (Fonseca and Kenworthy 1987; Schanz and Asmus 2003; Peralta et al. 2005) . Indirect effects on growth may be understood by the influence of hydrodynamics on the mass 1 Corresponding author (edward.morris@uca.es).
transfer of resources to and from seagrass beds (Koch et al. 2006; Nishihara and Ackerman 2006) . For example, seagrass photosynthesis (carbon uptake) responds to increasing current velocity (i.e., mass transfer limitation), up until a critical flow velocity (,0.05 m s 21 ), above which uptake is limited by plant kinetics (Koch 1994; Enriquez and Rodriguez-Roman 2006; Nishihara and Ackerman 2006) . Nitrate assimilation also tends to be kinetically limited at relatively low critical current velocities (,0.1 m s 21 ) (Touchette and Burkholder 2000; Cornelisen and Thomas 2004) , whereas ammonium assimilation appears to be mass transfer limited at velocities of ,0.3 m s 21 (Thomas et al. 2000; Thomas 2002, 2004) .
Depending on the abiotic conditions, foliar uptake can supply around 50% of the overall nitrogen (N) requirement of Thalassia testudinum (Lee and Dunton 1999) and Thalassia hemprichii (Stapel et al. 1996) , between 30% and 90% of the overall N requirement of Zostera marina (Iizumi et al. 1982; Short and McRoy 1984; Pedersen and Borum 1993) , and in extreme cases, the complete N requirement of Phyllospadix torreyi (Terrados and Williams 1997) . As foliar nitrogen uptake is generally much higher for NH z 4 than for NO { 3 (Touchette and Burkholder 2000) , current velocity may play an important role in the supply of N to seagrasses.
Given the spatial patterns in canopy hydrodynamics and the effect of current velocity on nutrient uptake, we hypothesize that there may be spatial patterns in nutrient uptake within seagrass patches, with highest uptake at the leading edge. We also hypothesize that given the differences in shoot morphology and/or canopy structure, this spatial pattern may vary among species. To test our hypotheses, we compared the relationship between hydrodynamics and nutrient uptake in a spatially explicit way for two seagrass species that grow adjacently but that have a contrasting morphology. Zostera noltii (Hornem.) is a small, thinleaved seagrass that forms dense canopies in the intertidal zone, whereas Cymodocea nodosa (Ucria) Ascherson. is a relatively large plant with long wide leaves that forms more sparse canopies in the subtidal zone.
Methods
Plant material-Intact Z. noltii mats (i.e., plants within a sediment matrix) and C. nodosa plants were collected from Santibañ ez, Cá diz, in southwest Spain (36u28912.790 N, 06u1597.070 W) on 12 and 24 September 2005, respectively. The collection site is a sheltered tidal lagoon in which, apart from wind-induced waves, unidirectional flows dominate. Both species were transported to the Netherlands Institute for Ecology-Center for Estuarine and Marine Ecology (NIOO-CEME), southwest Netherlands, and placed into large holding tanks filled with aerated seawater from the adjacent Oosterschelde tidal lagoon (salinity 31; temperature 16uC; [NH A number of shoots were selected haphazardly and placed in plastic plant pots (0.06 3 0.06 m) filled with siliceous sediment (0.25 mm). Leaves were wiped clean and pots were stored in the holding tank. Single species pots of Z. noltii contained around 30 shoots (8,333 shoots m 22 ), while C. nodosa pots consisted of two shoots with a section of rhizome and roots (555 shoots m 22 ). The remainder of the plants were used to make a 2-m-long homogeneous bed within the flume tank test section; this was accomplished by carefully planting Z. noltii or C. nodosa in a bed of clean, level, siliceous sediment. The shoot densities (520 6 69 and 9,815 6 1,271 shoots m 22 for C. nodosa and Z. noltii, respectively), leaf area index (1.67 and 3.53), and aboveground biomass (54 and 78 g dry matter m 22 ) of the reconstructed beds represent the mean values observed at Santibañ ez over a season cycle (J. L. Perez-Llorens, unpubl.). We filled the whole width of the flume (0.6 m) with a canopy height of less than one half of the water depth so that our measurements would mimic the flow interaction typical for broad shallow seagrass beds (Fonseca and Koehl 2006) . The plastic pots with prepotted seagrasses were inserted along the central axis of the patch at x 5 0, 0.1, 0.2, 0.5, and 1 m (downstream of the leading edge). Care was taken to ensure that the edge of the pots was slightly below the sediment surface to prevent flow interaction and scouring.
Lamps were suspended above the flume tank to provide a homogeneous irradiance field throughout the test section. The photoperiod and photosynthetic photon flux density were constant during the experiment at 14 h and 280 mmol quanta m 22 s 21 (measured using a cosine-corrected PAR sensor, LICOR, 10 cm above the sediment surface). Water temperature (T) and salinity (S) were maintained at a value of 16uC 6 1uC and 31 6 2, respectively (T 5 17uC 6 3uC and S 5 34 6 2 at the field site when the plants were collected). Time-averaged velocity components (ū, v, and w ) and their fluctuations (u9, v9, and w9) were calculated by averaging the temporal measurements (5 s at 25 Hz, n 5 125) at each sampling point. From these, Reynolds stress (t xz , 2u 0 w 0 , cm 2 s 22 ) and turbulent kinetic energy (TKE, 0.5[u9 2 + v9 2 + w9 2 ], mm 2 s 22 ) were calculated according to the method of Jonsson et al. (2006) . To minimize disturbance by structures within the ADV probe measuring volume (i.e., compression of the canopy as the probe moves toward the bed), which can cause unreliable data, the robotic probe started at its lowest position on each vertical profile. Low correlations (supplied in the ADV output file) indicate unreliable data. Obvious outliers and data points with correlations of ,70% were filtered, so that measurements within the canopy are usually based on a slightly reduced number of reliable data points. Generally, time series of data were almost complete and always contained .90% of the data.
In order to reduce variability in hydrodynamic parameters related to cross-stream variation in the canopy, vertical profiles of ū, t xz , and TKE were constructed by spatially averaging the five y-locations for each x, z coordinate. These double-averaged (i.e., in time and then space) vertical profiles were used to estimate t xz at the top of the canopy and TKE within the canopy at each xlocation. Finally, the double-averaged velocity gradients were used to calculate the volumetric flow rate of water through the canopy (Q c , m 3 s 21 ):
where Z c is the height of the canopy, Q i the volumetric flow rate of water through the layer (z i 2 z i21 ), y the width of the flume tank (0.6 m), andu z i the double-averaged u component of the velocity at depth z i .
Meadow height during the flume experiments-The height and shape of the canopy at each of the x positions was traced onto transparency film and digitized to enable analysis of the canopy height (z c ) and bending angle of five individual plants. Plant morphological characteristics were also examined (mean 6 standard deviation [SD] , n 5 30); leaf length was 0.18 6 0.09 and 0.08 6 0.03 m; width 3.8 6 0.4 3 10 23 and 1.1 6 0.2 3 10 23 m; thickness 191 6 54 3 10 26 and 152 6 55 3 10 26 m; and the number of leaves per shoot 3.5 6 1.1 and 4 6 0.8 for C. nodosa and Z. noltii shoots, respectively. C. nodosa shoots also had a sheath at the base of their leaves, which had a mean length, width, and thickness of 0.06 6 0.01, 4.5 6 0.4 3 10 23 , and 1,115 6 195 3 10 26 m, respectively. Two canopy regions were defined: (1) 'top of the canopy,' defined as canopy height (z c ) 6 10%, and (2) 'within the canopy,' defined as z c + 10% to z 5 0.
Ammonium uptake experiment in the flume tank-Uptake rates were determined twice at the five free stream water velocities for each species (on two consecutive days). Five new pots were taken from the holding tank and placed within the 'structural' bed for every new velocity treatment. The water within the flume was replaced each day. While we recognize that the velocity treatments are not truly independent, refilling the flume before each velocity treatment was not feasible. Therefore, velocity treatments were conducted in a semirandom order (i.e., different on each replicate day), and corrections were made for the decrease in [NH Velocity treatments began at 10:30 h (after 2 h of irradiance). A spike of 15 NH z 4 (as 9.7 mmol L 21 of 99.16 atom% 15 NH 4 Cl) was added to the flume to obtain an initial water [NH z 4 ] of ,5 mmol L 21 . The spike was added slowly (over ,5 min) near the paddles to ensure mixing. Ambient water samples (n 5 5) were collected prior to adding the spike to measure the background nutrient levels and throughout the day to assess any changes in nutrient concentrations. On each replicate day, incubations of five pots were also carried out in a 20-liter container (with the same irradiance conditions and incubation time) using labeled water from the flume in order to assess the NH z 4 uptake rate of plants under 'static' conditions (i.e., 0 m s 21 velocity treatment).
Deriving ammonium uptake rates-The pots were removed from the flume after each velocity treatment, and the plants were extracted and rinsed (with saltwater and then freshwater) to remove any excess label or sediment. Tissues were separated into aboveground (shoots and sheath) and belowground (rhizomes and roots) biomass and were immediately frozen at 280uC. After 1 week the biomass was freeze-dried, ground to a fine powder, and analyzed in an elemental analyzer coupled with an isotope ratio mass spectrometer (Europa Hydra IRMS coupled to a Carlo Erba NC250) for determination of nitrogen content (% N) and atom% 15 N. Specific NH z 4 uptake rates (V ) were calculated according to Cornelisen and Thomas (2004) :
where a s is the atom% 15 N in the component's tissue, a w is the atom% 15 N of the enriched substrate, and t is time of incubation (h). The atom% 15 N of the enriched water (a w ) was calculated from the amount of 99.1% 15 NH z 4 added to the flume and the initial water column [NH z 4 ] (assumed to reflect 15 N of atmospheric N , 0.37 atom% 15 N). The numerator (da s /dt) was calculated as the difference in atom% 15 N between ambient samples and the samples collected at the end of each velocity treatment divided by the duration of the experiment (1.5 h). No correction was made for dilution of the 15 N source pool; the large volume of the flume and high atom% 15 N of the spike minimized dilution effects. Specific uptake rates (V ) were normalized to the N content (% N) of the tissue to yield an uptake rate in units g N assimilated (g dry matter) 21 h 21 . The N content (mean 6 SD, n 5 50) of C. nodosa and Z. noltii aboveground tissues was 2.58% 6 0.20% and 2.37% 6 0.20%, respectively.
To compensate for changes in [NH z 4 ] over time (assumed to be first-order changes), uptake rates were multiplied by a correction term (a) (Cornelisen and Thomas 2006) , thus:
Values of a ranged from 0.4 to 3 in each experiment. Corrected uptake rates represent those for the watercolumn [NH z 4 ] at the start of each experimental day (,5 mmol L 21 ). Finally, uptake rates measured at each x location were multiplied by the aboveground biomass of each patch and integrated to yield an estimate of areal uptake (mg N [m sediment surface] 22 h 21 ) for each species. Only the biomass of leaves (40 g DM m 22 ) was considered in areal uptake calculations for C. nodosa patches (i.e., sheath biomass was excluded).
Statistics-Nested analysis of variance (ANOVA) was used to examine statistical differences between the NH z 4 uptake rates of each species incubated in static conditions (with pots nested within replicate days). ANOVA analysis was not applied to the data collected during velocity treatments as a result of the limited amount of replication and the noninterdependence among treatments. However, significant correlations between uptake rates and hydrodynamic and canopy parameters were assessed using Pearson's correlation coefficient (which is statistically less restrictive, but also less powerful). An alpha value of 0.05 was considered significant. Statistical procedures were carried out in Statistica 7.0 (StatSoft).
Results
Hydrodynamics-Mean water velocities (ū) averaged over the vertical water column and canopy (Ū ) were comparable for C. nodosa and Z. noltii. That is, Ū ranged from a minimum of 0.05 m s 21 to a maximum of 0.31 m s 21 in C. nodosa and from a minimum of 0.04 m s 21 to a maximum of 0.28 m s 21 in the Z. noltii experiments, with the minor differences due to slight differences in the external forcing. The canopy was deflected with increasing velocity treatment in both species. The initial height of the C. nodosa and Z. noltii canopies was 0.17 6 0.02 m and 0.09 6 0.01 m, respectively. The bending of plants increased with increasing velocity treatments until the canopy height of both species was about 0.04 m at 0.3 m s 21 .
Generally, velocity vector plots of ū and w showed similar patterns at all the velocity treatments. Flow was deflected upwards and accelerated over the leading edge of the patch, resulting in low water velocities within the canopy and higher velocities above (example shown in Fig. 1 ). The magnitude of flow attenuation within the dense Z. noltii canopy appeared to be stronger than in the sparse C. nodosa canopy, where substantial flow penetration was observed. Indications of downward flow into the canopy were observed at 1 m from the leading edge, indicating the presence of a downstream wake region. This effect was much stronger in the Z. noltii vegetation, with highly positive values of Reynolds stress (t xz ) observed at 1 m from the leading edge (Fig. 2) . In contrast, negative t xz was observed toward the leading edge of the C. nodosa vegetation. TKE within the canopy, a measure of turbulent activity that is related to flow velocity, was comparable between the two species. However, the position of TKE maxima differed notably. For C. nodosa, maximum TKE was observed at 0.2 m, while for Z. noltii, maximum values were observed 1 m downstream of the leading edge.
Using the measured canopy heights and velocity profiles at each position, the water flow passing through the canopy (Q c ) was calculated for every experimental case (Fig. 3) . Q c of C. nodosa (range, 2.6-11 m 3 s 21 ) tended to be higher than that of Z. noltii (range, 0.24-7.6 m 3 s 21 ). Generally, maximum Q c was observed close to the leading edge of the C. nodosa patch; water flow then decreased, reaching a minimum 1 m downstream. For Z. noltii, maximum Q c was also observed close to the leading edge. However, minimum Q c values were observed at 0.5 m, with a relative enhancement observed at 1 m. Flow attenuation tended to be higher in the Z. noltii canopy (11-95%) than in the C. nodosa canopy (5-65%).
Ammonium uptake rates-Uptakes rates of C. nodosa ranged from 15.0 in static conditions to 66.6 mg N (g DM) 21 h 21 at 0.2 m s 21 , and for Z. noltii from 15.2 in static conditions to 34.1 mg N (g DM) 21 h 21 at 0.2 m s 21 (Fig. 3) . Uptake of shoots incubated in static conditions was not significantly different between the two species (nested ANOVA, F 1,20 5 0.56, p 5 0.46), whereas in unidirectional flow, the maximum uptake of C. nodosa was approximately double that of Z. noltii. Enhanced uptake was observed at the leading edge of the patches of both species (Fig. 3) . Uptake of C. nodosa shoots generally declined downstream of the leading edge at all velocities. In contrast, enhanced Z. noltii uptake was also observed 1 m from the leading edge at the highest velocities (0.2 and 0.3 m s 21 ). Thus, the results show that NH z 4 uptake exhibited species-specific, spatially explicit patterns. Nevertheless, when areal uptake rates (mg N [m sediment] 22 h 21 ) were calculated for each species, uptake was similar between the two species (Fig. 4) , because of the almost double aboveground biomass of the Z. noltii patch. This indicates that while the efficiency of N assimilation (i.e., g N [g DM leaf] 21 h 21 ) imposed by the species-specific canopy structure was different at similar external forcing, the total potential areal N assimilation of both species was almost equal.
Correlations between canopy properties, hydrodynamics, and ammonium uptake-The existence of a spatial pattern for both nutrient uptake and several hydrodynamic parameters (Figs. 1-3 ) raises the question of how these are related. When both canopies were considered together, as expected, TKE was significantly correlated with Ū , t xz , and Q c (Table 1) . Canopy properties (height and bending angle) were associated with Ū and, to a lesser extent, TKE, and Q c . However, because of species-specific differences in height, density, and canopy compression, Q c was not significantly correlated with Ū .
Nearly all canopy and hydrodynamic parameters were significantly correlated with NH z 4 uptake when each species was examined individually (Table 2; Fig. 5 ), reinforcing the observed high autocorrelation among hydrodynamic parameters. However, for both species the correlation coefficient between Q c and uptake was one of the highest, at 0.64 and 0.74 for C. nodosa and Z. noltii, respectively. Reynolds stress was not correlated with uptake for C. nodosa, but was important for Z. noltii shoots. The latter indicates that turbulent mixing had a role in determining uptake rates in the denser vegetation.
When the combined data sets of both seagrass species were considered, all variables except canopy height and t xz were significantly correlated with ammonium uptake (Table 2 ; Fig. 5 ). However, uptake was substantially more strongly correlated with Q c than with any other variable (Table 2; Fig. 5 ). Examination of the scatter plots indicated that while canopy and hydrodynamic variables correlated well with uptake rates for each species individually, Q c seemed to be the only variable that could explain variation in the uptake independently of the species studied.
Discussion
The present results demonstrate the effect of both increasing unidirectional current velocity and spatial position on ammonium uptake rates of shoots from two seagrass species with different canopies (i.e., shoot density and leaf length) (Fig. 3) . In addition to being consistent with the results of previous studies revealing the physically limited nature of NH z 4 uptake in seagrass communities (Thomas et al. 2000; Thomas 2002, 2006) , our data support the hypothesis that there are spatial patterns in NH z 4 uptake within seagrass patches. Of the hydrodynamic variables examined, canopy flow (Q c ) was the most predictive variable in determining both the effect of position and velocity treatment, simultaneously explaining variation in the uptake of both species (Fig. 5) . The weak effect of velocity treatments on Q c emphasizes the high level of relevance of canopy compression (Thomas et al. 2000; Abdelrhman 2007 ), indicating that flexibility may be an important trait that can simultaneously determine both the local phylloclimate and the ecosystem engineering capacity of submerged macrophytes Brun et al. 2006; Peralta et al. 2006) .
Turbulent transport and mixing of the rapid overflow into the canopy had a role in determining uptake in the dense Z. noltii bed ( Table 2 ). The positive values of t xz and slightly enhanced Q c observed at 1 m (Figs. 2, 3 ) indicated that the 'wake' resulting from the flow separation initiated at the leading edge (Fig. 1) was responsible for enhanced uptake in Z. noltii. However, it should be noted that this hydrodynamic structure may (in part) have been a consequence of the restricted flow within the flume tank and thus may not manifest in the field. Nevertheless, these preliminary observations strongly indicate that the importance of turbulent mixing in determining N uptake is canopy architecture specific, supporting the second hypothesis that spatial patterns in N uptake are also dependent on the canopy properties of different species (Peterson et al. 2004 ).
Rates of ammonium uptake (range, 15-66.6 mg N [g DM] 21 h 21 ) were comparable to those previously reported for seagrasses (see Touchette and Burkholder 2000; range, 5-270 
In general, uptake rates of C. nodosa were approximately double those of Z. noltii (Fig. 3) . However, the uptake affinity (i.e., physiological assimilation efficiency in static conditions) of each species was equal. This indicates that differences in uptake rates were due to (1) the canopy properties and (2) how these properties interacted with the unidirectional flow. The almost double Q c value of C. nodosa indicates that its canopy structure was more efficient at assimilating ammonium from the water column (i.e., allowed a higher supply of NH z 4 to the leaves). Interestingly, as a result of the higher biomass of the Z. noltii canopy, areal ammonium uptake rates (g N [m sediment] 22 h 21 ) of both species were actually relatively similar (Fig. 4) .
Whether these effects persist in 'oscillatory' turbulent conditions, such as under the influence of waves, which often occur in 'real-world' situations, is unknown. Thomas and Cornelisen (2003) demonstrated that increased turbu- uptake. How these processes interact with spatial gradients caused by unidirectional flow is still unclear and will require further investigation. Over time, 'edge effects' in hydrodynamics and uptake (Guest et al. 2004 ) may affect shoot development and growth (Jensen and Bell 2001; Peralta et al. 2006) , possibly providing a mechanism that can help to explain the emergent properties of seagrass landscapes (Sintes et al. 2005; Brun et al. 2006) . Furthermore, the results of this study indicate that (1) changes in canopy properties and plant morphology (intra-and interspecies) will affect the supply of ammonium to the benthos; and (2) as a result of 'edge effects,' fragmented or patterned rather than 'homogeneous' landscapes maybe more efficient (when considering the whole landscape) at obtaining ammonium from the water column.
